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Abstract 

This report is a short overview of experimental and theoretical results in Jj^ production in electron-proton collisions 
at DESY HERA with special focus lying on recent developments in inelastic photoproduction. 
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1. Introduction 

Collisions of electrons or positrons with protons {ep) 
are among the particle reactions which have been in- 
tensively used to study different mechanisms for heavy 
quarkonium production. In this report we limit our- 
selves to the production of Jjili mesons, which have 
an experimentally very clean signature due to the large 
branching ratios of their leptonic decay modes. Let 
us start with some definitions. In ep collisions the 
electron interacts with the proton almost entirely via a 
bremsstrahlung photon y. In most reactions, this pho- 
ton is quasi-real, its squared momentum -Q^ being very 
small. This kinematic region is called photoproduction, 
while the region in which the photon retains a high vir- 
tuality is called leptoproduction. A second way to 
classify the reactions is to look at the inelasticity vari- 
able z - (pj/,/,-pp)/(py-pp)- In the proton rest frame, z is 
the ratio of the photon momentum taken over by the J/ i/r 
meson. At values z ~ I, the absorbs nearly all of the 
photon momentum, and a rapidity gap can be observed. 
This kinematic range is called elastic or diffractive pro- 
duction. We call it elastic in case of a really exclusive 
ep — > ep + J/if/ process, and diffractive, if during the 
reaction the initial proton evolves into a low lying nu- 
cleon resonance. The kinematic region with z ~ 0.95 is 
called inelastic production, and inelastic leptoproduc- 
tion is called deep inelastic scattering (DIS). 



2. Inelastic production 

There are different models on the market which aim 
to describe the inelastic production of heavy quarkonia. 
In all these models, the photon interacts with only one 



parton inside the proton. In the usual collinear factor- 
ization, the initial parton is assumed to be on shell and 
collinear to the proton. We obtain the hadronic cross 
section by folding the partonic ones with parton distri- 
bution functions (PDFs) fi/pix), where x is the longitu- 
dinal momentum fraction of the parton /, which can be a 
gluon or (anti-)quark. Within the framework of nonrela- 
tivistic QCD (NRQCD) the partonic J/ip production 
cross section factorizes further according to 

dcr(ep J /if/ + X) = ^ I dxfi/p{x) 

i.n ^ 

X dcr{ei cc[n] + X) {O^^'^M) (1) 

into perturbative short distance cross sections dcr{ei — > 
cc[«] 4- X) and long distance matrix elements (LDMEs) 
{pJI'l'\n'\), usually fitted to experimental data. « can be 
any intermediate Pock state, including color octet (CO) 
states. According to NRQCD, each {0-'^'^[ii\) scales 
with a definite power of the relative quark velocity v, 
which then serves as an additional expansion parame- 
ter besides a^. The main contribution stems from the 

■J rn 

n - S I term, which equals the color singlet model 
(CSM) prediction and the next-to-leading contributions 



stem from intermediate S 



The idea behind using the kj factorization method 
is that in quarkonium production processes with typical 
hard scattering scales much lower than the collision en- 
ergies, the longitudinal momentum fraction x is so small 
that the parton's transverse momentum kj should not be 
neglected. Therefore the initial parton is off shell. The 
partonic cross section, which is so far only evaluated 
at leading order in Os, is then convoluted with uninte- 
grated, kj dependent PDFs, which are derived from the 
usual gluon PDFs either in a BFKL H or DGLAP H 



and V,**' CO states. 



Preprint submitted to Elsevier 



November 17, 2010 




(a) pf[GeV^J (b) W [GeV] (c) z 



Figure 1 : The transverse momentum squared p^, photon-proton invariant mass W and z distributions of the inclusive inelastic J/i// photoproduction 
cross section. Leading order (LO) and next-to-leading order (NLO) predictions in NRQCD [ 8j| including and not including the color octet (CO) 
contributions are compared to HI HERAl d and HERA2 llOll data. The color octet LDMEs used were obtained by a common lit to the px 
distributions of CDF Tevatron data flTIl and the data of plot (a). These plots are taken over from (^. 



approach. Usually, only color singlet (CS) contributions 
are considered for J /iff production calculations in this 
formahsm. The Monte Carlo program CASCADE iH] 
simulates initial gluon radiation in such an approach. 

2.1. Inelastic photoproduction yield 

Born level calculations for the J/iJ/ photoproduction 
yield have been performed in the color singlet model ^ 
already in 1980, and the calculation including the color 
octet states 101 has been performed soon after the inven- 
tion of NRQCD. While these leading order predictions 
do include resolved contributions, in which the photon 
interacts via its hadronic content, next-to-leading order 
(NLO) contributions are so far only known for the direct 
processes. 

Figure llshows the result of our recent NLO NRQCD 
analysis [SO of the inclusive J/i// photoproduction cross 
section using values for the CO LDMEs obtained from 
a combined NLO fit to the pr distributions of CDF 
Tevatron iHl] and HI HERA lH [l^l J/ip production 
data. The CS contributions alone undershoot the HI 
data fl fioll typically by a factor of three, which is how- 
ever a much lesser deviation than in the hadroproduction 
case. Our CS results are in agreement with previous 
NLO CSM calculations iflljlii H . Apparent diff^er- 
ences to the early work of jl'M are only due to different 
parameter choices. The sum of the CS and CO contri- 
butions on the other hand describes the data sufliciently 
well. As for the z distribution, the cross section at low 
z is expected to rise once we include the resolved pho- 
ton contribution. Near the high z endpoint region, the 
NRQCD expansion is understood to break down, and 
the NRQCD series could be resummed via the introduc- 
tion of universal shape functions lIlSll . possibly in the 
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Figure 2: The HI HERA2 data (TOl compared to CASCADE d pre- 
dictions. Relative to figure[T^, the cross section is divided by an aver- 
aged photon flux factor 0.102. This plot is taken from fl(3l . 



context of soft colUnear efl'ective theory lfl6ll . The main 
achievement of our recent work jH], which is a continu- 
ation of UtIi . is to show that photoproduction at HI 
HERA and hadroproduction at CDF Tevatron, PHENIX 
RHIC and CMS LHC can consistently be described by 
a unique set of CO LDMEs. 

Figure |2] shows the Monte Carlo results of CAS- 
CADE compared to the same HI HERA2 data H^]. It 
gives very good results, even though, according to the 
author, there is no kind of tuning of CASCADE param- 
eters to the data involved. The kj factorization calcu- 
lation ilST also shows good agreement with HI 19fl and 
ZEUS lii] HERAl data. 

2.2. Polarization in inelastic photoproduction 

As for polarization observables, theoretical predic- 
tions have been made for the color singlet contributions 
at NLO lfl3i [14I1 . The color octet contributions, how- 
ever, are so far only known at leading order 1I20I 1. In 



figure [3] these are compared to recent ZEUS data 121 1 
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Figure 3: The helicity parameter A in the tar- 
get frame in inelastic J/ip photoproduction as 
functions of the transverse 7/ 1// momentum pr 
and the inelasticity z- The Idnematical ranges 
are 50 GeV < W < 180 GeV, 0.4 < z < 1 for 
the pt distribution and pj > \ GeV for the z 
distribution. The ZEUS data taken 1996- 
2007, are compared to leading order (LO) and 
next-to-leading order (NLO) CSM predictions 
fl3|l. an LO prediction including CO states 
(2y], as well as predictions with factor- 
ization (23l using different unintegrated gluon 
PDFs. Only the LO CS and LO CS+CO curves 
include resolved processes. These plots are 
taken from I2TI1 . 

Figure 4: The differential inclusive deep in- 
elastic Jjtfj production cross section with re- 
spect to the Jltfj transverse momentum squared 
in the photon-proton rest frame p'j and z- 
The kinematical ranges are 2 GeV^ < < 
100 GeV^, 50 GeV < W < 225 GeV, 0.3 < 
; < 0.9 and pf > 1 GeV^. The ZEUS data 
and the HI data l24ll are compared with 
leading order CS (gray bands) and CS+CO 
(open bands) predictions fS^I . kr factorization 
prediction ft^ (dotted hnes) and CASCADE 
13 results (dash-dotted lines). These plots are 
taken from l23r. 



together with the kr factorization prediction MM- Here, 
the polarization parameter A is defined according to 



dcr 
d cos 9 



1 +Acos.^ 0, 



(2) 



where is the polar angle of the decay-muons in the 
target reference frame. Values A = +1 (-1) corre- 
spond to fully transversely (longitudinally) polarized 
J/i// mesons. Like in the HI polarization analysis in 
llioll . which is done in the helicity and CoUins-Soper 
frame, both theoretical and experimental errors are still 
too large to draw definite conclusions about the agree- 
ment for the different production mechanisms. Specif- 
ically, no NLO calculation including CO contributions 
has been performed yet. 

2.3. Deep inelastic scattering 

In contrast to inelastic photoproduction, DIS squared 
matrix elements contain a further scale Q^, which may 
be one reason, why until now only leading order calcu- 
lations have been performed for production in DIS. 
In figure m the results of the NRQCD calculation i2S\ . 
the kj factorization calculation 11811 and CASCADE ||5|l 



predictions are compared to ZEUS II23I1 and HI data 
1 2411 . Due to the large theoretical uncertainties, conclu- 
sions are difficult to be drawn, but the CS prediction in 
collinear factorizations again seems to lie rather below 



the data, while we again see an overshoot of the CO 
contributions at high z- 

As for J /if/ polarization in DIS, no measurement and 
only the CSM calculation ll26ll have been done so far. 

3. Elastic and diffractive J/i// production 

In elastic or diffractive J/tfr production, the photon 
couples to the cc pair, which then in turn interacts with 
the proton through the exchange of an object with vac- 
uum quantum numbers, for example two or more glu- 
ons. Within the two-gluon-ladder model, the leading 
logarithms of this ladder can be resummed using BFKL 
131] evolution. 

In figure|5] diffractive J/iJ/ photoproduction cross sec- 
tions measured at ZEUS |27] and HI ll28ll are com- 
pared to theoretical predictions using a DGLAP ll29ll or 
M approach Measurements for elastic J/iJ/ 
production have been performed by the ZEUS l32l 13311 
and HI l34 l.l35[l collaborations for both photoproduction 



34|,|32|,|35|] and leptoproduction 11331135 1 



4. Conclusions 

Collisions of electrons or positrons and protons at 
HERA have been a very important testing field for dif- 
ferent models for the production of heavy quarkonia, of 
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Figure 5: The differential diffractive 7/(^1 plio- 
toproduction cross section witli respect to 
the absolute value of the squared momentum 
transfer at the proton vertex |f | and the photon- 
proton invaiiant mass W. The ZEUS 12711 and 
HI (H data, both taken 1996-2000, are com- 
pared to theoretical predictions (30ll (EMP), 
Q (GLMN) and (3l|] (FSZ). These plots are 
taken from 1231. 



Jl\li in particular. The results must, of course, be seen in 
combination with quarkonium production in other parti- 
cle reactions, for example in hadron collisions. The sim- 
ple collinear factorization color singlet model seems to 
be disfavored by inelastic production data. There- 
fore, promising attempts have been made to explain the 
data either within NRQCD via the introduction of inter- 
mediate color octet states or within the kj factorization 
approach. However, none of the models is ruled out yet. 
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